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ABSTRACT
The development of economical and high-
throughput gene synthesis technology has been
hampered by the high occurrence of errors in the
synthesized products, which requires expensive
labor and time to correct. Here, we describe an
error correction reaction (ECR), which employs
Surveyor, a mismatch-specific DNA endonuclease,
to remove errors from synthetic genes. In ECR
reactions, errors are revealed as mismatches by
re-annealing of the synthetic gene products.
Mismatches are recognized and excised by a com-
bination of mismatch-specific endonuclease and
30!50 exonuclease activities in the reaction mixture.
Finally, overlap extension polymerase chain reaction
(OE-PCR) re-assembles the resulting fragments into
intact genes. The process can be iterated for in-
creased fidelity. With two iterations, we were able
to reduce errors in synthetic genes by >16-fold,
yielding a final error rate of  1 in 8700bp.
INTRODUCTION
Gene and genome syntheses are playing an increasingly
important role in synthetic biology and biotechnology
(1–5). To increase throughput and reduce cost, new gene
synthesis methods that take advantage of DNA micro-
arrays (6–8) and microﬂuidic devices (9–11) have recently
been demonstrated. However, removing errors that arise
from oligonucleotide (oligo) synthesis and gene assembly
remains a signiﬁcant challenge, especially for gene synthe-
sis using microarray-produced oligos, where error rates
tend to be higher (6,7). Cloning and sequencing large
numbers of synthetic constructs in order to identify
correct clones has become a bottle neck for gene and
genome syntheses.
A number of methods have been used to reduce synthe-
sis errors. To improve the quality of gene-construction
oligos, size exclusion puriﬁcation using polyacrylamide gel
electrophoresis (PAGE) (12) or high performance liquid
chromatography (HPLC) (13) can be used to remove large
insertions and deletions. An array hybridization method
has also been developed to reduce errors in chip-generated
oligo pools, which requires special microarrays of comple-
mentary oligos (6). Using next-generation sequencing tech-
nology, it may also be feasible to sequence and select
correct oligo sequences for gene construction, as a recent
proof-of-concept experiment has demonstrated (14).
To eliminate errors in longer synthetic gene constructs,
slow and labor-intensive cloning and sequencing methods
are traditionally used. If the error rate is high or the se-
quence is long, large numbers of clones need to be se-
quenced in order to identify a correct sequence (15). If a
perfect clone cannot be isolated, site-directed mutagenesis
needs to be used to ﬁx errors identiﬁed by sequencing
(5,16–19). Multiple rounds of cloning, sequencing and
site-directed mutagenesis can signiﬁcantly increase the
cost and turn around time for gene synthesis.
In order to increase the chance of ﬁnding a correct
clone, the overall error frequency in the synthetic gene
pool needs to be signiﬁcantly reduced. Methods of using
mismatch-binding proteins (e.g. MutS) to remove error-
containing DNA heteroduplexes have been developed
(15,20,21).However, MutS-basedmethods theoretically do
not work well for error-rich sequences, because the correct
sequences have to outnumber the erroneous sequences in
order to avoid being depleted from the synthetic pool.
In comparison, methods using mismatch-cleaving
enzymes show an advantage as these enzymes can cleave
the heteroduplexes at the vicinity of the mismatch sites,
which allows the mutant bases to be subsequently removed
by exonuclease activity present in the reaction mixture. A
number of enzymes have been tested, including T7 endo-
nuclease I, T4 endonuclease VII and Escherichia coli
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to various speciﬁcities of the enzymes (22–24).
CEL endonuclease is a new member of the S1 nucleases
isolated from celery and prefers double-stranded mis-
matched DNA substrates (25,26). It is not inhibited by
high GC content, and can cut mismatch-containing
heteroduplexes efﬁciently at neutral pH whether the mis-
matches are base substitutions, insertions or deletions any-
where from 1 to 12nt. CEL nuclease is able to act
efﬁciently on molecules with multiple mismatches, even
with only 5nt between mismatches. Additionally, it can
handle substrates anywhere from 40bp to  30kb. Its
broad substrate speciﬁcity andlow non-speciﬁc activity has
made CEL nuclease one of the best tools for mismatch
detection (25,27–30). In a previous study, we ﬁrst reported
that Surveyor nuclease, a commercialized form of the CEL
endonuclease, was effective in removing errors during
chip-based gene synthesis (31). Here, we describe detailed
characterization of the molecular mechanism of the
Surveyor-based error correction reaction (ECR) and the
development of an optimized ECR protocol, which further
reduced the error rate down to 1 error in  8700bp.
MATERIALS AND METHODS
Reagents
Chemicals were purchased either from Sigma-Aldrich or
VWR. Enzymes were from New England Biolabs. The
Surveyor nuclease was purchased from Transgenomic as
part of the Surveyor Mutation Detection Kit. GC5
chemical competent cells were purchased from Invitrogen.
Oligonucleotide synthesis and on-chip gene assembly
Oligonucleotides were synthesized on a plastic chip using a
custom-made inkjet DNA microarray synthesizer (32).
Gene-construction oligos were designed to be 60-nt long
with overlapping regions of similar melting temperatures
(Tm=65±2  C). The exact oligos synthesized are listed in
Supplementary sequences. On-chip oligo ampliﬁcation and
gene assembly using combined nicking strand displace-
ment and polymerase cycle assembly (nSDA–PCA)
reaction was performed as described with minor modiﬁca-
tions (31). Brieﬂy, an 8-well incubation adapter (Sigma-
Aldrich) was ﬁtted onto the COC slide so that each well
contained a synthesized oligo array. The wells were ﬁlled
with the nSDA–PCA reaction cocktail composed of
0.4 mMdNTP, 0.2mg/ml BSA, Nt. BstNBI, Bst large frag-
ment and Phusion polymerase in an optimized Thermopol
II buffer. The slides with sealed chambers were placed on
the in situ slide-adapter of a Mastercycler Gradient
thermocycler (Eppendorf) to perform combined nSDA–
PCA reactions. nSDA involved incubation at 50 C for
2h followed by 80 C for 20min; the PCA reaction
involved an initial denaturation at 98 C for 30s, followed
by 40 cycles of denaturation at 98 C for 7s, annealing at
60 C for 60s and elongation at 72 C for 15s/kb, and
ﬁnished with an extended elongation step at 72 C for
5min.
After the nSDA–PCA reaction, 1–2ml of the reaction
from each chamber was used for PCR ampliﬁcation with
Phusion polymerase and end primers (Supplementary se-
quences). End primers were employed at a concentration
of 0.5mM. The PCR reaction involved an initial denatur-
ation at 98 C for 30s, followed by 30 cycles of denatur-
ation at 98 C for 10s, annealing at 60 C for 60s and
elongation at 72 C for 30s/kb, and ﬁnished with a ﬁnal
elongation at 72 C for 5min.
ECR of assembled genes
Once PCR ampliﬁcation of the on-chip assembled gene
was completed, the gene products were puriﬁed by agarose
gel electrophoresis and extracted to yield a concentration
of >100ng/ml (measured using a Nanodrop analyzer).
These PCR products were then diluted with either 1X
Taq buffer or 1X Phusion HF buffer to yield a ﬁnal con-
centration of 50ng/ml. This was then melted by heating at
95 C for 10min, cooled to 85 Ca t2  C/s and held for
1min. It was then cooled down to 25 C at a rate of
0.3 C, holding for 1min at every 10 C interval.
For ECR using a 20min Surveyor cleavage incubation,
4ml (200ng) of the re-annealed gene product was mixed
with 0.5ml of Surveyor nuclease and 0.5ml enhancer
[which is known to be DNA ligase in nature and enhances
the reaction (29–31)] and incubated at 42 C for 20min.
Two microliter of the reaction mixture was used for sub-
sequent overlap extension–PCR (OE-PCR) using the same
reaction conditions as the PCR above. The OE-PCR
product was cloned and sequenced to serve as the result
from the ﬁrst iteration of error correction. For the second
iteration of error correction, the OE-PCR product band
was diluted to 50ng/ml using 1X Taq buffer and re-
annealed as before. Similar to the ﬁrst iteration, a 5ml
reaction consisting of 4ml re-annealed product, 0.5mlo f
Surveyor nuclease and 0.5ml enhancer was incubated at
42 C for 20min. Two microliter of the product was sub-
jected to OE-PCR, cloned and sequenced to serve as the
result from the second iteration of error correction.
For ECR using a 60min Surveyor cleavage incubation,
8ml of the re-annealed gene product in 1X Phusion buffer
(ﬁnal DNA concentration of 50ng/ml) was added to 2mlo f
Surveyor nuclease and 1ml enhancer to yield a total of
11ml that was then incubated at 42 C for 60min. Two
microliter of the reaction mixture was then subjected to
OE-PCR, and the resulting PCR product was cloned and
sequenced to serve as the result from the ﬁrst iteration of
error correction. For the second iteration, the product
from the ﬁrst iteration was diluted to 50ng/ml using 1X
Phusion buffer and re-annealed as before. Similar to the
ﬁrst iteration, an 11-ml reaction consisting of 8mlo f
re-annealed product, 2ml of Surveyor nuclease and 1ml
of enhancer was incubated at 42 C for 60min. Two micro-
liter of the product was used for OE-PCR and the PCR
product was cloned and sequenced to serve as the result
from the second iteration of error correction.
Cloning, sequencing and functional analysis of
synthetic genes
Synthetic gene products, before or after ECR, were cloned
into pAcGFP1 vector using circular polymerase extension
method (CPEC) (33,34). Brieﬂy, 250ng of the linear vector
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ratios in a 25-ml CPEC reaction using Phusion polymerase.
The reaction involved 10 cycles of denaturation at 98 C
for 10s, annealing at 55–60 C for 30s and extension at
72 C for 15s, and ﬁnished with an extended elongation
step at 72 C for 5min.
Two microliter of the cloning product was transformed
into GC5 chemically competent cells (Invitrogen) accord-
ing to the manufacturer’s instructions. Cells were grown
on agar plates with 100mg/ml carbenicillin for  16h and
then kept at room temperature for 48h before been
imaged in an AlphaImage gel documentation system.
The percentage of ﬂuorescent colonies was automatically
determined using CellC program (http://sites.google.com/
site/cellcsoftware/download). The results were veriﬁed by
thresholding the UV images using Adobe Photoshop and
counting using ImageJ. Sequence analysis was done by
extracting plasmids from randomly selected colonies
using a miniprep kit (Qiagen) and sequencing at the
Duke University Sequencing Facility.
RESULTS AND DISCUSSION
General design of the ECR using Surveyor nuclease
In this study, we aimed to develop a simple and conveni-
ent method to effectively remove errors from synthetic
genes. The general strategy of using the Surveyor endo-
nuclease to correct errors in synthetic genes is illustrated in
Figure 1. After gene synthesis, the products are denatured
and re-annealed to form mismatch-containing hetero-
duplexes (left panel). The subsequent ECR, right panel
Figure 1. Outline of steps involved in error correction of synthetic DNA constructs. Gene synthesis products are heat denatured and then slowly
cooled down to form heteroduplexes containing mismatches at the error sites (left panel). Heteroduplexes are cleaved by the Surveyor nuclease at the
sites ﬂanking the mismatch bulges. The resulting single-stranded overhangs, where mismatch bases are located, are removed by the proofreading
exonuclease activity of Phusion polymerase used in the OE-PCR. The resulting fragments with mismatch bases removed are efﬁciently assembled
back into full-length gene constructs during OE-PCR (right panel).
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Surveyor nuclease, followed by OE-PCR using a proof-
reading DNA polymerase. The 30!50 exonuclease activity
of the DNA polymerase removes 30 overhangs that contain
the mismatch base(s) and allows OE to proceed efﬁciently.
Mismatch structures formed at the deletion, insertion
and substitution sites in the heteroduplexes are recognized
by the Surveyor mismatch-speciﬁc endonuclease, which
cuts each strand at the phosphodiester bond at the 30
side of the mismatch site (29). During the subsequent
OE-PCR reaction, the 30!50 exonuclease activity of the
proof-reading DNA polymerase chews away any 30 over-
hangs that contain the mismatch base(s) (substitutions
and insertions). Finally, the error-free fragments are
extended and ampliﬁed into full-length gene constructs
by the DNA polymerase. One round of ECR may not
completely remove all errors and we are interested to de-
termine whether more iterations of the ECR can be used
to further remove any remaining errors.
Determine error frequency of on-chip gene synthesis
Integrating oligo synthesis with gene assembly on a micro-
chip can signiﬁcantly reduce synthesis cost and increase
throughput. As described in the ‘Materials and
Methods’ section, we synthesized DNA microarrays using
a custom inkjet DNA synthesizer and used a combined
nSDA–PCA reaction for on-chip oligo ampliﬁcation and
gene assembly. To determine error frequency of on-chip
gene synthesis without error correction, we chose red
ﬂuorescent protein (rfp) as a test gene for convenient
screen of functionally correct genes, which served as a
good approximation of sequence correct genes. After
the nSDA–PCA reaction, the 723-bp rfp construct was
ampliﬁed by PCR (Figure 2, lane 1) and inserted into a
modiﬁed pAcGFP1 expression vector using the CPEC
cloning method as described in the ‘Materials and
Methods’ section. After transformation into bacteria, the
colonies produced were either non-ﬂuorescent, dimly or
brightly ﬂuorescent. A rough approximation of synthesis
quality without error correction could be made using
colony counts on agar plates. Using automated col-
ony counting, it was found that 50.2% of the rfp
colonies formed from uncorrected product ﬂuoresced
brightly (Figure 3A).
DNA sequencing was performed on 42 randomly picked
rfp colonies from both directions. The sequencing results
indicate an error rate of  1.9/kb (Table 1). Deletions were
found to be the dominant form of errors (75.4%), which
was similar to column DNA synthesis where monomers
are not successfully added to all of the growing polymer
chains.
ECR with Surveyor nuclease
Surveyor nuclease has typically been used for mutation
detection. We devised a strategy of using it for eliminating
errors in synthetic genes, as shown in Figure 1. To deter-
mine the optimal reaction conditions of using Surveyor
nuclease for error correction, we systematically varied
reaction parameters, such as reagent amount, buffer com-
position, incubation time, temperature and number of
iterations.
In the ﬁrst set of experiments, varying amounts of the
Surveyor nuclease reagents, including the enzyme and the
enhancer were tested. 0.5, 1 and 2ml of Surveyor nuclease
reagents were mixed with 200ng of re-annealed synthetic
rfp product. Incubations were performed either at 42 C
for 20min or 25 C for 60min. After OE-PCR ampliﬁca-
tion, products from all variations were run on an agarose
gel (Supplementary Figure S1). All bands on the gel
appeared to be similar, indicating little difference with
increased enzyme concentration.
Depending on the length and sequence quality of the
synthetic gene products, after re-annealing and incubation
with the Surveyor nuclease, the amount of intact full-
length product that can survive the cleavage may be very
limited. To assess the extent of cleavage of our on-chip
synthesized rfp genes, we incubated the re-annealed
product with Surveyor for either 20 or 60min at 42 C.
Figure 2 shows that after 20min of Surveyor treatment,
a fraction of the synthetic genes was cleaved into smaller
fragments (lane 2); after 60min, the majority of the genes
were cleaved (lane 3). The results suggested that the
cleavage by Surveyor nuclease was relatively efﬁcient. It
also suggests that the Surveyor cleavage assay can be used
as a quick assessment of the sequence quality of the syn-
thetic products. Following cleavage, OE-PCR was able to
assemble and extend the fragments back to full-length
genes, as shown in Figure 2 (lanes 4 and 5).
Reduction of error frequencies after ECR
Both functional colony counting and DNA sequencing
were performed to estimate error frequencies of
chip-synthesized genes after ECR with 20-min or 60-min
Surveyor treatment. It was reasoned that in one round of
ECR, error sequences could form homodimers by chance
during annealing and thus escape detection and cleavage.
We therefore tested whether an additional round of ECR
could eliminate more errors. Two iterations of ECR were
performed with both 20min and 60min incubations as
outlined in the ‘Materials and Methods’ section.
Figure 2. Cleavage and reassembly of synthetic gene product during
ECR. Synthetic rfp gene (lane 1) was incubated with Surveyor
nuclease for 20min (lane 2) and 60min (lane 3) at 42 C. The
cleavage reaction products (lanes 2 and 3) were then re-assembled by
OE-PCR into full-length gene products (lanes 4 and 5, respectively,
marked by arrow). The reaction products were analyzed by agarose
gel electrophoresis with DNA molecular weight marker (lane M).
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tional assays and Sanger sequencing in order to estimate
error frequencies.
As shown in Figure 3A, increasing Surveyor cleavage
time and number of iterations led to increases in the
number of brightly ﬂuorescent colonies. Using 20-min
Surveyor treatment, the ﬂuorescent population increased
from 50.2% (untreated) to 74% and 84% in the ﬁrst and
second iteration, respectively. Using 60-min Surveyor
treatment resulted in 78.4% and 94% ﬂuorescent
colonies after the ﬁrst and second iteration. Example
images showing the ﬂuorescent colonies can be found in
Supplementary Figure S2.
To investigate the repeatability and robustness of the
method, we applied it to synthesis of four additional
gene constructs and measured its effectiveness using func-
tional or reporter assays. Of the four constructs, two were
codon variants of the lacZ  gene, the expression of which
cause the colony to turn blue in the presence of X-gal.
The other two constructs could not be screened by their
own functions and therefore were fused to the N-terminus
of the green ﬂuorescent protein (GFP) (Figure 3B).
Blue or ﬂuorescent colonies indicated that there were no
frame shifts or mutations in the gene constructs that could
abolish the function or expression of the genes. Therefore,
the percentage of positive colonies could be used as an
approximate indicator of the quality of the sequences.
The results from the four additional constructs showed
iterative increase in positive populations after each
round of ECR (Figure 3B). As expected from the model
predictions shown in Figure 4A, the small lacZ  genes had
a large ﬂuorescent population even before error correction
( 80% positive) as it had fewer errors to begin with due to
their short length (174bp). In comparison, the longer con-
structs (#3 and 4) had lower percentages of correct
colonies to begin with ( 500bp,  55–60% positive), but
the effect of ECR was more obvious, reaching >90%
positive after two iterations (Figure 3B).
Results from DNA sequencing analysis of randomly
selected colonies correlated with the observations made
with the colony counting experiments and revealed more
details on the correction efﬁciency of different types of
errors. The results in Table 1 showed that ECR with
Surveyor was very efﬁcient in reducing errors arising
from deletion and insertion events. Most deletion and in-
sertion type of errors could be eliminated after one round
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Figure 3. ECR results as measured by gene function or reporter assays. Percentage of functional or ﬂuorescent clones was measured before and after
one or two iterations of ECR for ﬁve different gene constructs. (A) The effects of Surveyor incubation time (20 and 60min) and number of ECR
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Surveyor treatment was also effective toward substitutions
albeit with reduced efﬁciency. Substitution types of errors
were still present after two rounds of 60-min incubations.
For the purpose of developing the most efﬁcient ECR
procedure, data in Table 1 indicated that increasing incu-
bation time from 20 to 60min reduced error frequency
from 0.31 to 0.26 error/kb ( 16% reduction); while
adding another round reduced error frequency from 0.31
to 0.18 error/kb for 20-min incubations ( 42% reduction)
and from 0.26 to 0.11 error/kb for 60-min incubations
( 58% reduction). It appeared that adding a second
round of ECR was more effective than increasing the
Surveyor incubation time with only one round of ECR,
although the accumulative effects of more iterations and
longer Surveyor incubation was most dramatic.
Following the model predictions of Carr et al. (15) and
Furhmann et al. (23), we performed statistical analysis to
better understand the implication of our results. As can be
seen in Figure 4A, the percentage of gene synthesis
products that yield error-free clones decreases exponen-
tially with the length of the product synthesized.
Employing ECR for error correction (1 error in 8701bp
for two iterations of 60-min ECR, blue line) signiﬁcantly
increases the probability of locating an error-free clone
than without error correction (1 error in 526bp, red
line). From the practitioner’s perspective, this means
that dramatically fewer clones need to be sequenced
(Figure 4B). For example, as predicated in Figure 4B
with ECR, one will have to screen, on average, only
8–10 clones of a 10kb treated or a single 1kb clone in
order to locate a correct one. The model prediction
correlated well with our sequencing analysis results.
Analyzing sequencing data of 77 random colonies from
the second iteration of the 60-min ECR, we found 72 of
Table 1. Error analysis of synthetic gene sequences before and after ECR with Surveyor nuclease
Error type Without
ECR
ECR1
(20min)
ECR1
(60min)
ECR2
(20min)
ECR2
(60min)
Deletion (total) 43 3 0 0 0
Single-base deletion 30 2 0 0 0
Multi-base deletion 13 1 0 0 0
Insertion (total) 4 0 0 0 0
Single-base insertion 3 0 0 0 0
Multi-base insertion 1 0 0 0 0
Substitution (total) 10 7 11 5 6
Transition
G/C to A/T 3 2 3 1 2
A/T to G/C 3 4 0 2 1
Transversion
G/C to C/G 0 0 2 0 0
G/C to T/A 1 1 4 1 1
A/T to C/G 2 0 1 0 2
A/T to T/A 1 0 1 1 0
Total errors 57 10 11 5 6
Bases sequenced 29958 31866 42714 27798 52206
Error frequency (errors per kb) 1.9 0.31 0.26 0.18 0.11
Error frequency (bases per error) 526 3187 3883 5560 8701
Random clones of synthetic genes before (without ECR) or after one or two ECR iterations (ECR1, ECR2) were sequenced in
both directions. Surveyor incubation time (20min or 60min) was indicated. The occurrence of different type of errors was
counted.
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Figure 4. Predicted effects of ECR as a function of sequence length.
(A) Purity of gene synthesis products (percentage of error-free clones)
decreases exponentially with the length of the product synthesized.
Employing ECR (1 error in 8701bp, blue line) dramatically increases
the probability of locating an error-free clone than the uncorrected
population (1 error in 526bp, red line). (B) Employing ECR signiﬁ-
cantly reduces the number of colonies that need to be screened to have
a high (95%) probability of obtaining at least one error-free clone. Two
iterations of 60min cleavage incubations with Surveyor (blue line)
could yield a correct 10kb product by sequencing eight random
clones. Plots are derived from the result of model calculations as
described in the text.
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determined error rate of 0.11/kb meant a >16-fold reduc-
tion of errors present in the synthetic pool. With such an
improvement, larger DNA targets can be conveniently
synthesized and corrected within 2–3h without resorting
to additional cloning or excessive sequencing.
CONCLUSIONS
The method presented here performs enzymatic error cor-
rection on synthetic genes using Surveyor nuclease, which
has the broadest substrate speciﬁcity toward all types of
mismatches as compared to other known mismatch-
speciﬁc binding proteins or endonucleases. The method
utilizes the mismatch-speciﬁc endonuclease activity of
the Surveyor enzyme to cut heteroduplex sequences at
the mismatch sites and uses the exonuclease activity of
the proof-reading DNA polymerase to remove the mis-
match bases, followed by an OE-PCR reaction to
re-assemble the cleaved fragments into full-length gene
constructs. The results from the current study demonstrate
that the optimized ECR procedure is robust and effective
for all error types, especially insertions and deletions,
yielding superior results than previous methods. The
ECR method is probably more suitable for long and
error-rich synthetic products and can be performed in
less time than MutS-based procedures, which require
gel-shift assay and DNA extraction from PAGE.
Additionally, in comparison to the commercial ErrASE
kit (8), the ECR reaction mitigates the need for tittering
and excessive enzyme usage. Using the protocol developed
in the current study, two ECR iterations could be
completed in <5h and reduces the error frequency by
>16-fold. Future research to improve ECR may involve
increasing its efﬁciency toward substitution types of
errors.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online:
Supplementary Figures 1 and 2, Supplementary
sequences.
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